To study endothelial injury in vitro, we established a three-dimensional (3-D) blood vessel model in which human umbilical vein endothelial cells were grown in the presence of basic fibroblast growth factor and vascular endothelial growth factor. We then performed comparative studies on cisplatin (cis-platinum-diammine-dichloride, CDDP)-induced endothelial injury in 3-D and monolayer cultures. In 3-D culture, CDDP induced cell death and tube breakdown without DNA damage, whereas CDDP induced apoptosis accompanied by DNA damage in monolayer culture. CDDP also induced caspase-3 activation in a concentrationdependent manner in both cultures. A broad-spectrum caspase inhibitor, zVAD-fmk, failed to prevent CDDP-induced cell death and tube breakdown in 3-D culture, whereas zVAD-fmk suppressed CDDP-induced apoptosis in monolayer culture. A calpain inhibitor, MDL28170, attenuated CDDP-induced cell death and tube breakdown in 3-D culture, but not apoptosis in monolayer culture. These results showed that calpain is involved in CDDP-induced endothelial injury in 3-D culture and there are significant differences in signaling pathways between 3-D and monolayer cultures.
Introduction
Antitumor agents can cause microvascular endothelial injury characterized by thrombotic microangiopathies, called thrombotic thrombocytopenic purpura, and hemolytic uremic syndrome (1). Cisplatin (cis-platinum-diammine-dichloride, CDDP) is a widely used chemotherapeutic agent against testicular, bladder, ovarian, head and neck, and lung cancer (2) . CDDP causes renal dysfunction as a major side effect and has also been reported to induce endothelial injury (3) . CDDP compounds cross-link with DNA to disrupt the double helix (4, 5) , leading to apoptosis which is believed to be the primary mechanism of CDDP cytotoxicity (6) .
The p53 tumor suppressor protein plays a major role in growth arrest, DNA repair, senescence, differentiation and apoptosis (7) . DNA damage caused by CDDP and other antitumor agents stabilize p53, which induces proapoptotic genes such as bax, and apoptosis when the DNA damage is particularly severe (8, 9) .
Caspases and Ca 2+ -dependent calpains are both classified as cysteine proteases (10, 11) . In response to apoptotic stimuli, caspases relay messages through so-called initiator caspases to effector (or execution) caspases, which then mediate apoptotic processes, such as externalization of phosphatidylserine and proteolysis (e.g., lamin) (12) . Calpains are involved in maintenance and regulation of the cytoskelton and cell death (10, 11) . The ubiquitous calpain isoforms, μ-calpain and m-calpain, are abundantly expressed in human tissues. Calpains have been shown to cross-talk with caspases in CDDP-induced apoptosis in several cancer cell lines (13, 14) .
We analyzed endothelial tube breakdown caused by hypoxia in a three-dimensional (3-D) blood vessel model in which human umbilical vein endothelial cells (HUVECs) were stimulated with phorbol 12-myristate 13-acetate (PMA) and fibroblast growth factor (FGF) to form capillary-like tubes in type I collagen (15, 16) . In such a 3-D model, endothelial cells express genes/proteins in a manner observed in vivo (17, 18) . PMA is an activator of protein kinase C known to promote angiogenesis (19) . However, PMA is a non-physiological compound and it is therefore desirable to eliminate PMA from the 3-D model.
In this study, we first characterized an in vitro 3-D blood vessel model with vascular endothelial growth factor (VEGF) and basic FGF (bFGF) but no PMA with respect to the formation and maintenance of capillary-like tube and lumen structures. We then analyzed the effect of CDDP on HUVECs in 3-D culture in comparison to that in monolayer culture. We found that calpain is involved in endothelial injury and cell death caused by CDDP in 3-D culture but not in monolayer culture.
Materials and methods
Cell culture and reagents. HUVECs isolated from human umbilical cord were purchased from Lonza Walkersville, Inc. (MD, USA) and cultured as previously reported (15) . Briefly, cells were grown in HUVECs culture medium composed of MCDB-104 medium (Nihon Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal bovine serum (Moregate, Brisbane, Australia), 100 ng/ml endothelial cell growth factor, 10 ng/ml epidermal growth factor (BD Biosciences, Bedford, MA), 100 μg/ml heparin, 25 μg/ml penicillin, 25 μg/ml streptomycin, and 50 μg/ml neomycin. Incubation was carried out at 37˚C in 95% air and 5% CO 2 . Type I collagen solution (Atelocollagen Bovine Dermis, IPC-30) was purchased from Koken (Tokyo, Japan). Other chemicals were purchased from Sigma (St. Louis, MO) unless otherwise stated.
Tube formation. Collagen gels were prepared using type I collagen at a concentration of 0.255%. HUVECs were trypsinized, spun down from culture medium, mixed with collagen gels. For morphological observations and Western blot analysis, 140 μl of collagen gel at 1.71x10 6 cells/ml or 2.86x10 6 cells/ml was added to each well of 48-well culture plates (3-D culture). For cell viability analysis, 42 μl of collagen gel at 2.86x10 6 cells/ml was added to each well of 96-well culture plates (3-D culture). The mixture then was incubated at 37˚C for 60 min. For detailed morphological observations, cells (1.0x10 5 cells/cm 2 ) were sandwiched between two layers of collagen gel in 24-well culture plates as described previously (sandwich culture) (16) . Tube formation was induced in tube-induction medium composed of MCDB-104 medium and 199 medium at a 13:7 ratio, supplemented with 2% fetal bovine serum, 50 ng/ml human recombinant bFGF (Wako Pure Chemical, Osaka, Japan), 50 ng/ml human recombinant VEGF (Humanzyme, Chicago, IL), 25 μg/ml L-ascorbic acid, 25 μg/ml penicillin, 25 μg/ml streptomycin and 50 μg/ml neomycin. In some experiments, 10 nM PMA was added to the tube-induction medium. Tubeinduction medium was added to 3-D culture for morphological observation and Western blot analysis, survival analysis, and sandwich method, in a volume of 260, 78 and 650 μl, respectively. Cells were then incubated for 48 h to induce tube formation.
Morphological observation. After experimental treatments, HUVECs grown in 3-D culture and sandwich culture were fixed with 1% glutaraldehyde overnight at 4˚C. The cells were stained with 0.1% toluidine blue in 30% methanol, destained, and observed under a light microscope (Nicon, Tokyo, Japan) for phase contrast images. For electron microscopic observations, the cells were dehydrated in a graded series of ethanol and then substituted with propylene oxide and embedded in epoxyresin (TAAB812, TAAB, UK) after fixation described above. Ultra thin sections (0.08-μm thick) were cut on a Leica Ultracut UCT ultramicrotome (Leica, Eien, Austria), mounted on formvar-coated copper grids (VECO, Eerbeek, The Netherlands), and stained with uranyl acetate (Merck, Frankfurt, Germany) and then with lead citrate. Sections were observed using a conventional TEM, JEM-1220 microscope (JEOL, Tokyo, Japan).
Cell viability analyses. Cell viability was determined using the Cell Counting Kit-8 (Dojindo, Tokyo, Japan) according to the manufacturer's protocol. Briefly, Water tetrazolium salt 8,2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt was added in 3-D culture after CDDP treatments with or without zVAD(OMe)-fmk (Biomol, Plymouth Meeting, PA) or MDL28170 (Biomol). The compound is reduced by cellular dehydrogenases to form a water-soluble orange-colored formazan dye. The intensity of color developed was quantified using a micro plate reader (SPECTRAmax PLUS384, Molecular Devices, Sunnyvale, CA). Experiments were repeated in quadruplicate.
Treatments of HUVECs with CDDP and inhibitors. HUVECs (5x10
4 /well) in monolayer culture were seeded in 12-well culture plates in 1 ml of culture medium. The medium was changed to fresh tube-induction medium (1 ml) after cell adhesion for 24 h. HUVECs were then incubated further for 24-48 h in fresh tube-induction medium (1 ml) supplemented with 12.5-50 μM CDDP, or vehicle (dimethylsulfoxide, DMSO) alone. For analysis of the effects of CDDP on HUVECs in 3-D culture, the tube-induction medium was aspirated after tube formation for 48 h. For morphological observation and Western blot analysis, 400 μl of fresh tubeinduction medium supplemented with 12.5-100 μM CDDP or DMSO or 120 μl of it for survival analysis was added, and incubation continued further for 24-48 h. For inhibitor experiments, zVAD(OMe)-fmk and MDL28170 were added to the fresh tube-induction medium supplemented with CDDP or DMSO.
Flow cytometric analysis of apoptosis. Apoptosis of HUVECs in monolayer culture was analyzed by flow cytometry using an Annexin V (Ax)-FITC Kit (Medical & Biological Laboratories Co. Ltd., Nagoya, Japan) according to the manufacturer's protocol. Briefly, HUVECs (1x10 5 ) treated with CDDP were trypsinized, washed with phosphatebuffered saline and then labeled with Ax-FITC and propidium iodide. The fluorescence intensity was measured using a Cytomics FC 500 flow cytometer and CXP software (Beckman Coulter, Inc., Fullerton, CA).
Western blotting. Western blotting was performed as described previously (16) . All antibodies used were from Cell Signaling Technology (Beverly, MA) except those against Bax, p53 (both from BD Biosciences, San Jose, CA) and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA).
Statistical analyses. All data are expressed as the means ± standard error (SE) of at least three independent experiments. Comparisons between two groups were performed using Student's unpaired t-test ( * p<0.05, ** p<0.01, *** p<0.005).
Results

VEGF supports bFGF-induced formation and maintenance of capillary-like tube and lumen structures in the absence of PMA in 3-D culture.
We examined tube formation in the presence of bFGF, VEGF, PMA and their combination in 3-D culture. At a cell density of 1.71x10 6 cells/ml used in our earlier study (15, 16) , PMA was indispensable for induction of tube network formation (Fig. 1A) . At a higher cell density of 2.86x10 6 cells/ml, bFGF but not VEGF markedly induced interconnected networks of capillary-like tubes in the absence of PMA (Fig. 1B) . Cell viability was also increased by bFGF and not by VEGF (Fig. 1C) . Thus, the requirement of PMA in tube formation in 3-D culture depends on a cell density, and bFGF alone is able to initiate tube formation in the appropriate cell density. We investigated the role of VEGF in bFGF-induced tube formation using the sandwich culture method (Fig. 1D) . Although tube formation initiated by bFGF was broken down at 48 h in the absence of VEGF, 6 cells/ml in 48-well culture plates by bFGF and VEGF for 48 h. Cells were fixed with glutaraldehyde and thin sections were prepared and examined under an electron microscopy (magnification x400) as described in Materials and methods. The arrowhead points to a cell-cell junctional contact. The bar represents 1 μm. (F) Tube structures are maintained by bFGF and VEGF. HUVECs were incubated in tube-induction medium in the presence of bFGF and VEGF for 48 h, then the medium was changed to the fresh tube-induction medium, and incubation continued for additional 48 h. The bar indicates 100 μm. (G) Lumen structures are maintained by bFGF and VEGF. Lumen structures after 96 h of incubation were cut into thin sections and examined under an electron microscope (magnification x3000). The bar indicates 1 μm. The experiments in A, B, D, E, F and G were performed three times and representative data are shown.
VEGF supported bFGF-initiated tube formation up to 48 h to complete formation of interconnected networks. Furthermore, we observed the formation of cell-to-cell adhesions and lumen structures composed of multiple HUVECs in the presence of bFGF and VEGF (Fig. 1E) . To examine the maintenance of tube and lumen structures in the presence of bFGF and VEGF in 3-D culture, 48 h cultures carrying tube structures were further incubated for 48 h with fresh bFGF and VEGF. Capillary-like tube and lumen structures were maintained to the end of the second 48 h incubation (Fig. 1F  and G) . These results suggest that a combination of bFGF and VEGF is able to maintain tube and lumen structures in 3-D culture.
CDDP induces cell death and tube breakdown in 3-D culture.
To investigate CDDP-induced endothelial injury, we treated with CDDP to the 3-D culture model in which capillarylike tube and lumen structures were formed. CDDP was found to cause breakdown of tube structures in a concentrationdependent manner (Fig. 2A) . Cell viability was also reduced by CDDP in 3-D culture (Fig. 2B) , suggesting that CDDPinduced tube breakdown is caused by cell death. In the presence of CDDP, levels of p53 and cleaved caspase-3, but not levels of phosphorylated H2AX as a DNA damage marker, increased (Fig. 2C) , indicating that cell death of HUVECs in 3-D culture was not due to DNA damage. In monolayer culture, flow cytometric analysis showed that CDDP treatment increased the number of annexin V (Ax)-positive cells in a concentrationdependent manner (Fig. 2D) . Western blot analysis showed increases in levels of phosphorylated H2AX, p53 and cleaved caspase-3 in the presence of CDDP in monolayer culture (Fig. 2E) , suggesting that CDDP induces apoptosis of HUVECs.
Caspase regulates CDDP-induced apoptosis in monolayer culture, but not CDDP-induced cell death and tube breakdown in 3-D culture. We examined whether zVAD(OMe)-fmk (zVAD), a broad-spectrum caspase inhibitor, could suppress CDDP-induced cell death and tube breakdown in 3-D culture. Unexpectedly, CDDP treatment together with zVAD in 3-D culture facilitated CDDP-induced tube breakdown (Fig. 3A) . The CDDP-induced decrease in cell viability was also significantly enhanced by zVAD (Fig. 3B) . However, cleavage of both caspase-3 and lamin A/C, and p53 expression were suppressed by zVAD (Fig. 3C) . Intriguingly, Bax protein levels showed little change following zVAD treatment, whereas cleavage of Bax (p18 product) was increased by CDDP with or without zVAD. In contrast, zVAD significantly suppressed the CDDP-induced increase in Ax-positive cells in monolayer culture (Fig. 3D) . zVAD also markedly inhibited the cleavage of caspase-3 and lamin A/C, but not p53 expression, induced by CDDP (Fig. 3E) . These results suggest that the caspasecascade regulates CDDP-induced apoptosis in monolayer culture, but not CDDP-induced cell death and tube breakdown in 3-D culture.
Calpain partially regulates CDDP-induced cell death and tube breakdown in 3-D culture.
It has been reported that Bax (21 kDa) is cleaved by calpain to generate an 18 kDa product (20, 21) . To investigate whether calpain is involved in CDDPinduced cell death and tube breakdown, we treated HUVECs in 3-D culture with CDDP together with MDL28170 (MDL), a μ-and m-calpain inhibitor. MDL attenuated CDDP-induced tube breakdown (Fig. 4A) and significantly suppressed CDDP-induced decrease in cell viability (Fig. 4B) . MDL suppressed the cleavage of Bax, but had little effect on CDDP-induced p53 expression and cleavage of caspase-3 and lamin A/C (Fig. 4C) . In contrast, in monolayer culture, MDL had little effect on the CDDP-induced increase in Axpositive cells (Fig. 4D) and also failed to attenuate CDDPinduced cellular apoptotic responses (Fig. 4E) . These data showed that calpain is involved in CDDP-induced cell death in 3-D culture, but not in monolayer culture.
Discussion
CDDP is a widely used chemotherapeutic agent for cancer therapy. However, CDDP is known to induce vascular damages as its side effect (22, 23) . In the past, we have performed functional analysis of endothelial cells using an in vitro 3-D blood vessel model that mimics in vivo blood vessel (15, 16) . In the present study, we refined this 3-D blood vessel model to be used for analysis of CDDP-induced endothelial injury. We compared the effect of CDDP on HUVECs in 3-D and monolayer cultures, and found that there are significant differences in signaling pathways between 3-D and monolayer cultures.
Recent reports have shown that tube formation in HUVECs is induced by combinations of bFGF, VEGF and PMA (24) . Ilan et al have reported that bFGF with or without VEGF fails to induce tube formation but PMA alone does (19) , indicating that PMA is essential for the formation of vascular vessels in 3-D culture. VEGF has been reported to function as a survival factor (25) . In this study, we found that bFGF was able to induce capillary-like tube structures in the absence of PMA at a cell density higher than that used previously, and that VEGF supported bFGF-induced tube formation and the maintenance of capillary-like tube and lumen structures. Our results also suggest that the cell density is a critical factor for the formation and maintenance of capillary-like structures in the presence of bFGF and VEGF. The 3-D model without PMA would provide a means better suited for studying endothelial cell functions.
Using this model, we found that caspase cascade was not involved in CDDP-induced cell death and tube breakdown, although CDDP induced caspase-dependent apoptosis in monolayer culture, as reported with cancer cells (26) (27) (28) . Several studies have also reported that CDDP-induced cell death is regulated by calpains in endothelial and cancer cells in monolayer culture (29, 30) . However, our study showed that this is not the case in monolayer culture, and rather calpain is related to CDDP-induced cell death in 3-D culture. These differences may reflect the fact that endothelial cells in 3-D culture function in a manner similar to those in vivo, while endothelial cells in monolayer culture manifest mainly proliferating activity.
It has been reported that p53 is not required for CDDPinduced apoptosis in renal tubular cells (31, 32) . We showed here that p53 expression is increased by CDDP in both monolayer and 3-D cultures. However, we also found that CDDP-induced apoptosis in monolayer culture cannot be suppressed by pifithrin-·, a p53 inhibitor (data not shown). These results suggest that p53 is not required for CDDPinduced cell death of endothelial cells.
In this study, we modified an in vitro 3-D blood vessel model to allow the formation and maintenance of capillary-like tube and lumen structures in the presence of only physiological growth factors. In this model, our results show that CDDPinduced cell death and tube breakdown is partially regulated by calpain, while caspases caused CDDP-induced apoptosis in monolayer culture (Fig. 5) . Our results in 3-D culture indicate that calpain may be involved in CDDP-induced endothelial injury in vivo. 
